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5D\VRQ+DQHWDO
,URQR[LGHVDFRPPRQFRQVWLWXHQWRIVRLOV VHGLPHQWVDQGDTXLIHUVKDYHKLJKVXUIDFHDUHDVDQGDUHGRPLQDQW
DGVRUEHQWV LQPDQ\ HQYLURQPHQWV EHFDXVH RI WKHLU FDSDELOLW\ WR EH ILQHO\ GLVSHUVHG DQG DFW DV FRDWLQJV RQ RWKHU
SDUWLFOHV.RRQHU*RHWKLWHĮ)H22+LVRQHRIWKHWKHUPRG\QDPLFDOO\PRVWVWDEOHLURQR[LGHVDWDPELHQW
WHPSHUDWXUHDQGLVWKHUHIRUHWKHR[LGHWRIRUPRUDWWKHHQGRIPDQ\WUDQVIRUPDWLRQV%LRVRUSWLRQLQYROYHVWKHXVH
RIELRORJLFDOPDWHULDOVWKDWIRUPFRPSOH[HVZLWKPHWDOLRQVXVLQJWKHLUOLJDQGVRUIXQFWLRQDOJURXSV%DFWHULDKDYH
DOVRSURYHQWREHSRWHQWLDOPHWDOELRVRUEHQWV)RXUHVW5RX[7KHFRSSHUDQG]LQFLRQVZHUHFKRVHQIRUWKH
ELRVRUSWLRQVWXGLHVZLWKUHJDUGWRWKHLUZLGHXVHLQLQGXVWU\DQGSRWHQWLDOSROOXWLRQLPSDFW7KHEDWFKH[SHULPHQWV
ZHUHSHUIRUPHGWRGHWHUPLQHWKHDGVRUSWLRQFDSDFLW\RIVRUEHQWV7KHHIIHFWRIS+LQLWLDOPHWDOLRQFRQFHQWUDWLRQ
DQGDGGLWLRQRIEDFWHULDRQWKHDGVRUSWLRQSURSHUWLHVRIVRUEHQWVZDVLQYHVWLJDWHG7KH/DQJPXLUOLQHDUL]HGPRGHO
ZDVDSSOLHG WR LQWHUSUHW WKHH[SHULPHQWDOGDWD7KHVDPSOHVZHUHGHQRWHGDV*3QDWXUDOJRHWKLWH*6V\QWKHWLF
JRHWKLWH%EDFWHULD
0DWHULDOVDQG0HWKRGV
2.1 Goethite samples 
7KHLURQR[LGHVFDQEHSUHSDUHGE\K\GURO\VLVRI)HDFLGVROXWLRQVRUE\FRQWUROOHGR[LGDWLRQRI)HVROXWLRQV
IROORZHG E\ )H  SUHFLSLWDWLRQ *RHWKLWH ZDV SUHSDUHG E\ K\GURO\VLV RI )H12 E\.2+ 7KH FU\VWDOOL]DWLRQ RI
JRHWKLWHZDVFDUULHGRXWLQDFORVHGSRO\SURS\OHQHIODVNLQDq&RYHQIRUKRXUV
7KHQDWXUDOVDPSOHRIJRHWKLWHRULJLQDWHGIURPWKHGHSRVLWLQ8NUDLQHDQGZDVREWDLQHGIURPWKH'HSDUWPHQWRI
*HRORJ\ RI 0LQHUDO GHSRVLWV )DFXOW\ RI 1DWXUDO 6FLHQFHV LQ %UDWLVODYD 7KH VDPSOH ZDV JULQGHG PLOOHG RQ
YLEUDWLQJ PLOO DQG VLHYHG XQGHU WKH JUDLQ VL]H RI  PP 7KH FKHPLFDO FRPSRVLWLRQ RI WKH QDWXUDO VDPSOH LV
SUHVHQWHGLQWDEOH

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2.2 Goethite characterization 
7KHVXUIDFHDUHDRIERWKQDWXUDODQGV\QWKHWLFJRHWKLWHVDPSOHVZHUHGHWHUPLQHGE\129$H6XUIDFH$UHD
	 3RUH 6L]H$QDO\]HU 4XDQWRFKURPH ,QVWUXPHQWV 7KHPDLQPLQHUDO SKDVHVZHUH FRQILUPHG E\ SRZGHU;UD\
GLIIUDFWLRQ DQG0|VVEDXHU VSHFWURVFRS\PHWKRG 3RZGHU;UD\ GLIIUDFWLRQ ;5' SDWWHUQVZHUH UHFRUGHGZLWK D
3KLOLSV3:GLIIUDFWRPHWHU 7KH1HWKHUODQGV HTXLSSHGZLWKD&X.D UDGLDWLRQ N9P$7KH -&3'6
3') GDWDEDVH ZDV XVHG IRU SKDVH LGHQWLILFDWLRQ 0|VVEDXHU VSHFWUD RI WKH VDPSOHV ZHUH WDNHQ LQ WUDQVPLVVLRQ
JHRPHWU\ DW D WHPSHUDWXUH RIT  .$Q &R5K ȖUD\ VRXUFHZDV XVHG 7KH YHORFLW\ VFDOHZDV FDOLEUDWHG
UHODWLYHWR)HLQ5K5HFRLOVSHFWUDODQDO\VLVVRIWZDUH/DJDUHF	5DQFRXUWZDVXVHGIRUWKHTXDQWLWDWLYH
HYDOXDWLRQRIWKH0|VVEDXHUVSHFWUD
2.3 Bacteria preparation 
7KHEDFWHULDOVWUDLQBacillus cereusZDVLVRODWHGIURPKHDY\PHWDOSROOXWHGZDVWHZDWHUIURPDQLQGXVWU\SODQWLQ
HDVWHUQ 6ORYDNLD 7KH EDFWHULDO LVRODWH ZDV LQRFXODWHG LQWR D  PO IODVN FRQWDLQLQJ WKH QXWULHQW EURWK DQG
DQDHURELFDOO\FXOWLYDWHGDW&RQDURWDWRU\VKDNHUIRUK7KHFHOOVZHUHKDUYHVWHGIURPWKHJURZWKPHGLXP
DIWHU KE\ FHQWULIXJDWLRQ DW  USP IRU PLQ7KHQ WKH FHOOVZHUHZDVKHG ILYH WLPHV LQ 01D12WR
UHPRYH WKH FRQWDPLQDQW FDWLRQV IURP WKH EDFWHULDO VXUIDFH 7KH EDFWHULDO VXVSHQVLRQ ZDV SUHSDUHG ZLWK D
FRQFHQWUDWLRQRIEDFWHULDJOZHWZHLJKWRIEDFWHULDOFHOOV
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2.4 Adsorption experiments 
$OOH[SHULPHQWVZHUHFDUULHGRXWE\EDWFKDGVRUSWLRQWHFKQLTXHLQPO(UOHQP\HUIODVNVRQDURWDU\VKDNHUDW
 USP 7KHPRGHO VROXWLRQV RI &X ,, DQG =Q,, ZDV SUHSDUHG LQ WKH FRQFHQWUDWLRQ UDQJH PJ &X,,
=Q,,OE\GLVVROYLQJWKHDSSURSULDWHDPRXQWRIVDOWLQGHLRQL]HGZDWHU7KHFRQFHQWUDWLRQRIDGGHGVRUEHQWVZDV
JO7KHEDFWHULDOVXVSHQVLRQZLWKFRQFHQWUDWLRQRIEDFWHULDOFHOOVJOZDVDGGHG7RLQWHUSUHWWKHH[SHULPHQWDO
GDWDWKH/LQHDUL]HG/DQJPXLUPRGHOZDVXVHG+RHWDO7KHVXSHUQDWDQWVROXWLRQVZHUHDQDO\]HGE\DWRPLF
DEVRUSWLRQVSHFWURVFRS\$$69DULDQ56
5HVXOWVDQGGLVFXVVLRQV
7KHYDOXHRIVSHFLILFVXUIDFHDUHDRIERWKJRHWKLWHVRUEHQWVZDVGHWHUPLQHGE\%(7PHWKRGIURPWKHQLWURJHQ
DGVRUSWLRQPHDVXUHPHQW WDEOH :KHUHDV WKH YDOXH RI VSHFLILF VXUIDFH DUHD WR D FHUWDLQ H[WHQW UHODWHV ZLWK WKH
DGVRUSWLRQSURSHUWLHVLWFDQEHH[SHFWHGWKDWWKHV\QWKHWLFJRHWKLWHZLOOEHDEHWWHUVRUEHQWWKDQQDWXUDO7KHPDLQ
PLQHUDO SKDVHV RI WKH LQYHVWLJDWHG VDPSOHV ZHUH FRQILUPHG E\ ;UD\ GLIIUDFWLRQ DQG 0|VVEDXHU VSHFWURVFRS\
PHWKRG7KH;5'DQDO\VLVRIV\QWKHWLFJRHWKLWH UHYHDOHG WKHSUHVHQFHRIRQO\D)H22+SKDVH&RPSDULQJ WKH
VDPSOHV KLJKHU FU\VWDOOLQLW\ZDV REVHUYHG IRU WKH V\QWKHWLF LURQ R[LGHV FDXVHG SUREDEO\ E\ WKHPHWKRG RI WKHLU
V\QWKHVLVZKDWPDQLIHVWVWKHILJXUH

7DEOH6SHFLILFVXUIDFHDUHDRIJRHWKLWHVDPSOHV
6DPSOH 6$PJ
1DWXUDOJRHWKLWH*3 
6\QWKHWLFJRHWKLWH*6 


)LJ;5'SDWWHUQRIQDWXUDODQGV\QWKHWLF
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



)LJ7KH0|VVEDXHUVSHFWUXPRI
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



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
,W LV ZHOO NQRZQ WKDW IRU PRVW QDWXUDO DQG V\QWKHWLF JRHWKLWHV WKH GHJUHH RI FU\VWDOOLQLW\ LV ORZ DQG WKLV LV
UHIOHFWHGLQWKHDV\PPHWULFOLQHVKDSHRI0|VVEDXHUVSHFWUDDQGLQWKHSDUWLDORUFRPSOHWHFROODSVHRIWKHK\SHUILQH
VWUXFWXUH DW URRP WHPSHUDWXUH %RFTXHW  'H *UDYH 9DQGHQEHUJKH  7KH0|VVEDXHU VSHFWUD RI WKH
JRHWKLWH VDPSOHV VKRZHG VLPLODU IHDWXUHV 7KHUHIRUH ERWK VSHFWUD ZHUH ILWWHG E\ RQH VH[WHW ZLWK WKH GLVWULEXWHG
K\SHUILQH PDJQHWLF ILHOGV, ILJXUHV   +RZHYHU D KLJKHU GHJUHH RI FU\VWDOOLQLW\ ZDV REVHUYHG IRU *6
FRUUHVSRQGLQJZLWKWKHUHVXOWVREWDLQHGE\;5'PHDVXUHPHQW7KHK\SHUILQHSDUDPHWHUVREWDLQHGIURPWKHILWWLQJ
RI WKH VSHFWUD DUH W\SLFDO IRU WKH PDJQHWLF VWDWH RI )H FDWLRQV LQ RFWDKHGUDO FRRUGLQDWLRQ LQ WKH Į)H22+
FRPSRXQGJRHWKLWH'H*UDYH9DQGHQEHUJKHQRWVKRZQKHUH
3.1 Batch adsorption experiments  
7KHLQIOXHQFHRIS+RQWKHDGVRUSWLRQZDVLQYHVWLJDWHGLQWKHS+UDQJHIURPWRDVVKRZQLQILJXUHVDQG
)LJXUHVKRZVWKHLQFUHDVHRIWKHDGVRUEHG&X,,DPRXQWLQWKHUDQJHRIS+IURPWR7KLVUHODWHGWRWKHS+
YDOXHLQZKLFKLQGLYLGXDOVROXEOHLRQVDUHLQVROXWLRQDQGDERYHZKLFKYDOXHVRIS+DUHSUHFLSLWDWHGRQLQVROXEOH
FRPSRXQGV$W DS+YDOXHKLJKHU WKDQ IRU FRSSHU DQG IRU ]LQF WKH\ DUH DOUHDG\SUHFLSLWDWHG LQWRGLIIHUHQW
VSHFLHV7KH=Q,,DGVRUSWLRQLQFUHDVHGZLWKLQFUHDVLQJS+DQGGLGQRWUHDFKDPD[LPXPLQWKLVUDQJHVHHILJXUH
7KH DGGLWLRQRIEDFWHULD LQFUHDVHG WKH VRUSWLRQ FDSDFLW\ RI*3EXWGHFUHDVHG WKH VRUSWLRQ FDSDFLW\ RI*6ZKHUH
ELRVRUSWLRQPHFKDQLVPZDV ODUJHO\SDVVLYH7KH*6KDV ODUJHUYDOXHRI VSHFLILF VXUIDFH DUHD DQG WKHUHIRUHPRUH
SRWHQWLDO ELQGLQJ VLWHV IRU FRSSHU DQG ]LQF LRQV DGVRUSWLRQ ,W LV SUREDEO\ DOVR UHODWHG ZLWK ]HWD SRWHQWLDO RI
LQGLYLGXDOVXUIDFHV7KHLQFUHDVLQJS+UHVXOWHGLQDQLQFUHDVHGRIQHJDWLYHFKDUJHDWWKHVXUIDFHRIWKHFHOOVZKLFK
IDYRUHGDGKHVLRQRIEDFWHULDOFHOOVWR*6VXUIDFHLQVWHDGRIDGVRUSWLRQRIKHDY\PHWDOLRQV,QWKHZKROHVWXGLHGS+
UDQJHWKHEHVWDIILQLW\WRZDUGV&X,,DVZHOODVIRU=Q,,ZDVDFKLHYHGIRUWKH*6VDPSOH

)LJ(IIHFWRIS+RQ&X,,DGVRUSWLRQE\JRHWKLWHVDPSOHVOHIW )LJ(IIHFWRIS+RQ=Q,,DGVRUSWLRQE\JRHWKLWHVDPSOHVULJKW

)URPWKH HTXLOLEULXPDGVRUSWLRQLVRWKHUPVKLJKHUDIILQLW\RI&X,,DQG=Q,,WR*6WKDQWR*3ZDVREVHUYHG
$OVR WKH&X,, GHPRQVWUDWHG DKLJKHU DIILQLW\RQWR DOO VDPSOHV FRPSDUHZLWK=Q,, ,Q FDVHRI FRSSHU LRQV WKH
HTXLOLEULXPDGVRUSWLRQFDSDFLW\RIERWKVRUEHQWVHVSHFLDOO\IRU*6LQFUHDVHGZLWKWKHLQFUHDVLQJLQLWLDOPHWDOLRQ
FRQFHQWUDWLRQ7KHHTXLOLEULXPZDVQRWDFKLHYHG LQ WKHVWXGLHGFRQFHQWUDWLRQUDQJHVHH ILJXUH7KHDGGLWLRQRI
EDFWHULDLQFUHDVHGWKHVRUSWLRQFDSDFLW\RIQDWXUDOVDPSOH)RUWKHV\QWKHWLFVDPSOHWKHLQIOXHQFHRIEDFWHULDZDVQRW
VLJQLILFDQWHYHQ LI WKHFDOFXODWHGYDOXHVRIPD[LPXPDGVRUSWLRQFDSDFLW\ZDVDFKLHYHGIRU WKHVDPSOH*6%IRU
&X,, 6LPLODUO\ WR &X,, LQ FDVH RI =Q,, DGVRUSWLRQ RQWR JRHWKLWH VDPSOHV WKH HTXLOLEULXPZDV QRW UHDFKHG
H[FHSWWKH*3VDPSOHZLWKRXWEDFWHULDILJXUH7KHDGGLWLRQRIEDFWHULDLQFUHDVHGWKHVRUSWLRQFDSDFLW\RI*3IRU
=Q,,LRQVEXWGHFUHDVHGWKHVRUSWLRQFDSDFLW\RI*67KHFDOFXODWHGYDOXHVRIPD[LPXPDGVRUSWLRQFDSDFLWLHVRI
VWXGLHGVRUEHQWVDUHOLVWHGLQ7DEOH
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
)LJ(IIHFWRILQLWLDOLRQFRQFHQWUDWLRQRQ&X,,DGVRUSWLRQOHIW  )LJ(IIHFWRILQLWLDOLRQFRQFHQWUDWLRQRQ=Q,,DGVRUSWLRQULJKW

7DEOH/DQJPXLUSDUDPHWHUVIRU&X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